Patients with mild cognitive impairment (MCI) were compared to healthy old and young control participants in a free recall test in order to locate potential qualitative differences in normal and pathological memory decline. The analysis with an extended multi-trial version of W. H. Batchelder's and D. M. Riefer's (1980, Psychological Review) pair-clustering model revealed globally decelerated learning and an additional retrieval deficit in MCI patients, but not in healthy old controls. Results thus suggest differences in memory decline between normal and pathological aging that may be useful for the detection of risk groups for dementia and illustrate the value of model-based disentangling of processes as well as multi-trial-tests for early detection of dementia.
Different Storage and Retrieval Deficits in Normal Aging and Mild Cognitive

Impairment (MCI): A Multinomial Modeling Analysis
Ever since the beginning of scientific research on memory, theories have distinguished between different unobeservable processes involved in this faculty of the mind, namely encoding, storage, and retrieval. However, the empirical investigation of these component processes has often been elusive since typical measures of memory capacity -e.g. the number of words recalled -are clearly a result of a combination of all processes. Hence, researchers have tried to disentangle those processes either via design improvements or by the use of stochastic measurement models that estimate the impact of these processes (see Batchelder & Riefer, 1999; Riefer & Batchelder, 1988; Spaniol & Bayen, 2004, for overviews) . This endeavor is more than just an academic exercise because it is important to know which of these processes are affected in order to discriminate alterations of memory functions in aging from decline of memory in early stages of brain, such as amnesia, trauma, or dementia. The knowledge about affected processes certainly helps to tailor specific auxiliary mnemonic strategies in cognitive training, whereas on the other hand, early detection of qualitative rather than quantitative changes in memory performance may be worthwhile for early prophylactic treatment of dementia.
In this regard, the recent concept of "Mild Cognitive Impairment (MCI)" has attracted increased attention of clinical researchers (e.g. Almkvist et al., 1998; Barth et al., 2005; Collie & Maruff, 2000; Estévez-González et al., 2004; Gualtieri & Johnson, 2005; Perri et al., 2005) .
Subjects with amnestic MCI typically record neuropsychological performance between that of healthy older individuals and demented patients and can be characterized by specific deficits on measures of verbal episodic memory, while other cognitive functions (e.g. language, praxia and executive function) seem to be for the most part spared. It is still an open question whether MCI represents a preclinical stage of Alzheimer Dementia (DAT) or a distinct age-STORAGE AND RETRIEVAL IN AGING 4 related cognitive etiology, but MCI may prove to be a useful diagnosis which could allow for an early detection of the possible onset of dementia, although the evidence hitherto is mixed which may be attributed to the relatively fuzzy diagnostic criteria at the moment Collie & Maruff, 2000; Dudas et al., 2003; Estévez-González et al., 2004 ; but also see Frerichs & Tuokko, 2006; Grön et al., 2006; Johnson et al., 2006; Petersen, 2004) . In the study reported here, we tried to detect potential qualitative differences between memory deficits of healthy older adults versus patients diagnosed with MCI. We focused on processes of semantic encoding and retrieval of information, using a multinomial measurement model of Batchelder and Riefer (1980; 1996) that allows for disentangling these processes in a free recall task. This model has been validated and used successfully in research on memory deficits in normal aging (Bayen, 1990; Riefer & Batchelder, 1991a) . Furthermore, the model has recently been formally extended for multiple-trial experiments (Knapp & Batchelder, 2004) which is an important step because often, the deficits encountered by special clinical groups may rather show up as learning problems documented in slower improvement rather than deficits revealed in a one-shot test (see Riefer, Knapp, Batchelder, Bamber, & Manifold, 2002 ).
Mild Cognitive Impairment
The syndrome of MCI ranks within the continuum of normal cognitive decline in older aging, with healthy elderly at one end of the spectrum and patients with DAT at the other end.
The concept of MCI refers to elderly who display impairments particularly with regard to memory and to a lesser extent concerning other cognitive functions but who do not meet the diagnostic criteria for dementia (Petersen et al., 2001; Petersen, 2004) . MCI related cognitive performance on memory tests and other neuropsychological measures is intermediate between normal functioning and cognitive performance in dementia.
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Previous studies that examined the functionality of brain systems in elderly, MCI-and DAT patients gave evidence for changes in different neural systems during pathological aging. Brain volumetric studies using magnetic resonance imaging (MRI) in MCI have shown reductions in the medial temporal lobe (MTL), the retrosplenial cortex as well as in the posterior cingulate (PC) compared to controls (Bigler et al., 2002; Chetelat et al., 2003; Dickerson et al., 2004; Jack et al., 1999; Scahill et al. 2002) . Studies using fluoro-deoxyglucose (FDG) positron emission tomography (PET) could show a diminished cerebral metabolism of glucose in different brain areas compared to DAT patients including the posterior cingulate and the posterior cortex (Matsuda, 2001) . These changes in metabolism seem to be related to the neuropsychological status (Chetelat et al., 2003) , and they seem to predict subsequent decline to DAT (Drzezga et al., 2003) . A number of studies suggest a changed hippocampal responsivity to new information in MCI and early DAT compared to controls (Dickerson et al., 2005; Johnson et al., 2004; Machulda et al., 2003; Nestor et al., 2003Small et al., 1999 Sperling, 2007) . Therefore, a changed metabolism in structures supporting the formation of new memories, namely the hippocampus and the PC, lend support to the idea that dysfunctions in those critical regions contribute to memory formation and retrieval difficulty in MCI or preclinical DAT (Buckner, 2004; Levine et al., 2004; Shannon & Buckner, 2004) . However, those findings are due to general deficits in episodic associative learning and retrieval in MCI patients, but not to specific impairments in the spontaneous use of strategies or in active clustering of information.
Moreover, individuals with amnestic MCI show functional and neuropsychometric evidence of abnormal anterograde memory functioning ( e.g. Bennett et al., 2006; EstevezGonzalez et al. 2003; Machulda et al., 2003; Petersen et al., 1999; Ribeiro et al., 2007; Kircher et al., 2007) but of reasonably intact performance in activities of daily living. Those amnestic MCI subjects perform similar on screening and global measures of cognition STORAGE AND RETRIEVAL IN AGING 6 compared to controls, but resemble subjects with dementia on measures assessing storage and retrieval (e.g. Greenaway et al., 2006; Ribeiro et al., 2007) .
As Collie and Maruff (2000) emphasized in their review about the neuropsychology of MCI respectively of pre-clinical DAT, it was shown by most longitudinal studies that deficits in verbal learning and memory tasks emerge earlier than deficits in visual learning and recollection. In addition, the authors state that the negative predictive power of neuropsychological tests for an early diagnosis of dementia (approx. 90 %) seems to be still higher than the positive one (approx. 45-60 %) leaving open the quest for instruments with a higher specificity. Locating memory deficits in MCI patients in processes that are different from those in normal aging might be useful for an early detection of preclinical stages of DAT. For example, retrieval problems of older healthy adults as compared to young controls have repeatedly been demonstrated (Bayen, 1990; Riefer & Batchelder, 1991a , see Spaniol & Bayen, 2004 , for an overview) whereas the results are less conclusive for cluster storage.
Although the storage parameters in Riefer's and Batchelder's as well as Bayen's studies are consistently lower for older than for younger participants in all trials and conditions, these differences are descriptively small and reached statistical significance in only 3 out of 13 comparisons. The retrieval deficits, however, were descriptively larger and significant. At least, retrieval deficits are more prominent than storage deficits in normal aging. A large storage deficit of amnestic MCI patients would therefore clearly distinguish pathological from normal aging.
The Pair-Clustering Model of Batchelder and Riefer
One problem with memory tests such as free recall and recognition is that correct answers usually indicate successful storage and retrieval (or even guessing), whereas wrong answers may indicate the failure of any of these processes. Hence, storage and retrieval processes are confounded in conventional measures of memory performance (see Spaniol & Bayen, 2004, STORAGE AND RETRIEVAL IN AGING 7 for problems with design-based approaches). This problem of process confounding in empirical performance measures is very common in various cognitive tasks. One standard approach for drawing conclusions about affected storage or retrieval processes in memory is to compare groups with respect to their performance in reproduction tests and recognition tests. Based on the logic that recognition involves less controlled retrieval processes than recall, missing group differences in recognition combined with performance differences in reproduction are believed to indicate impaired retrieval processes, whereas equal impairments in both tests would indicate affected storage processes. Wang and Zough (2002) used a similar approach using two different kinds of recognition tests to investigate MCI patients. Brainerd (1985) has convincingly shown that the interpretation of this interaction (or missing interaction) depends on very strict assumptions about the functional form that maps memory strength and retrieval onto test scores. Whenever this functional form is monotonous but not linear or even if it is different for both types of tests that are compared, any type of interaction of age and test type may occur in the test scores although no retrieval deficit exists (see Bayen, 1990 , for simple numerical examples). Hence, such "design-based" comparisons of different tests do not allow for strict inferences about the processes impaired unless measurement assumptions are fulfilled that are hard to justify: Why should the test score be a linear function of both, storage and retrieval (rather than logarithmic, for example), and why should storage and retrieval add (rather than multiply)? Riefer and Batchelder (1988) proposed model-based analyses that yield more ore less process-pure measures of cognitive processes of interest by formulating a clear measurement models that links the latent constructs to observable events. They specifically recommend the highly flexible class of multinomial processing tree (MPT) models that have been used successfully in a variety of domains in cognitive and social psychology (see Batchelder & Riefer, 1999) . MPT models are approximations that assume finite sets of latent cognitive STORAGE AND RETRIEVAL IN AGING 8 states that are reached by unknown transition probabilities. These probabilities are formally linked to observable events and are estimated from categorical data obtained in experiments.
The statistical theory of MPT models has been developed thoroughly (Hu & Batchelder, 1994; Riefer & Batchelder, 1988) , and computer programs exist for parameter estimation (Rothkegel, 1999; Stahl & Klauer, in press) . If the construct validity of a particular model has been established in controlled studies, the model parameters can serve as measures of respective cognitive processes. Figure 1 shows the pair-clustering model of Batchelder and Riefer (1980) which aims at disentangling storage processes from retrieval processes in free recall. The "trick" used is to enrich the data base by using a word list during learning which contains semantically clusterable word pairs (e.g. apple, banana). The words, however, are not presented as pairs, but consecutively, and clusterable words do not have to be presented adjacently. However, in the free reproduction protocol, one can now distinguish between four exclusive and exhaustive empirical events: First, both words of a pair may be reproduced adjacently (E 1 ).
Second, both words are reproduced, but not adjacently (E 2 ). Third and fourth, only one (E 3 ) or no word (E 4 ) is reproduced, respectively. Hence, not only the amount of output is analyzed, but also its structure. The pair-clustering model makes some basic assumptions about the underlying cognitive states that can transform a learning list into an observed output order.
The probabilities of these states can be estimated and denote measures of the respective processes. The processing tree in Figure 1 illustrates the simple assumptions about pairs in the model: With probability c, the words of a pair are detected as belonging together during the learning phase, and they are stored in a clustered representation. Such a cluster can be retrieved with probability r or not be retrieved with probability (1-r) in the later test phase. In the former case, participants will reproduce the clustered words adjacently, in the latter case, they will not reproduce either word. This entails the assumption that once words are stored as STORAGE AND RETRIEVAL IN AGING 9 a pair, there is perfect mutual cuing if one word is retrieved. Words that have not been stored as clusters (1-c) may nevertheless be stored and later retrieved as singletons with probability u. The interesting parameters in this model are c and r because they yield independent measures of a storage process and a retrieval process and hence allow for differential diagnostics of each process. Before these model parameters can be interpreted as valid measures of substantial processes, the measurement model has to undergo a process of construct validation. The model has been applied to many data sets and showed good fits to the data (Batchelder & Riefer, 1999 , for an overview). One potentially critical simplification (in addition to its assuming discrete cognitive states) is the model's neglecting of the random chance to reproduce two non-clustered words adjacently. However, this approximation appears to be tolerable: Batchelder and Riefer (1980) reconstructed the expected frequencies of E 1 events through the estimated model parameters and found close agreement between predicted and observed frequencies in three experiments. In two validation experiments, Riefer et al (2002) showed that the model parameters c and r behaved in a psychologically reasonable way: A manipulation of the presentation rate affected the storage parameter c (but not the retrieval parameter r), whereas the opposite was true for a part list-cueing manipulation in which the presentation of items from a list during recall impairs the retrieval of other list items. Since it is natural to assume that presentation rate during learning affects the storage whereas disruptive cues at test affect retrieval, these differential effects support the convergent and divergent validities of both model parameters.
The model has been applied successfully to substantial research questions concerning memory deficits in aging (Riefer & Batchelder, 1991a; Bayen, 1990) or retroactive inhibition (Bäuml, 1991) .
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Conventional diagnostic tools for memory impairment like the California verbal learning test (CVLT; Delis et al., 1987) or the memory test in the CERAD battery (Morris et al., 1988) use repeated trials of list presentations and free recall instead of a one-shot test.
The reason is that memory deficits will often manifest themselves in an impaired learning rate. Multinomial models like the one in Figure 1 are not originally formulated to handle multi-trial studies. Of course, one can fit the model to each trial separately and compare the parameter estimates to get an impression of learning performance. However, this has several technical disadvantages because hypotheses about learning rates cannot be tested directly, unstable parameter estimates may hinder straightforward interpretation, and statistical tests about parameters may have less power and be somewhat ambiguous. Knapp and Batchelder (2004) have proposed a simple way of reparameterizing MPT models with the constraint of a weak ordering of parameter values. In multi-trial learning experiments, this entails the reasonable assumption that performance will not get worse across trials, but it will at least remain on the former level or increase. The multi-trial version of the pair clustering model would thus contain the assumption that the parameters c, r, and u will not decrease across trials. For technical and mathematical details, we refer the reader to Knapp and Batchelder (2004) , for a more intuitive description, we recommend Riefer et al. (2002) who employed this model. The result of the reparametrization is a model that yields an estimate of the parameter j for the initial Trial 1 and a learning rate parameter β ji which models the increase of parameter j in Trial i. This increase, however, is measured as a "proportional reduction of error". For example, if the parameter value was .40 in Trial 1 and .55 in Trial 2, the proportional reduction of error from Trial 1 to 2 would be .15/(1-.40) = β = .25. This reparameterization makes it possible to compare learning rates directly across different groups or conditions. However, proportional learning rates are only useful for group comparisons when the starting levels are equal. Otherwise, parameter increments that are identical in STORAGE AND RETRIEVAL IN AGING 11 absolute terms (percentage points) may turn out significantly different when expressed in proportional terms. We will therefore report both results. Unfortunately, however, we know of no way of statistically testing absolute learning rates and hence, these results will remain descriptive.
One very restrictive variant of the model assumes a constant learning rate β j for each parameter j which Riefer et al. (2002) call the "Bush-Mosteller"-model of learning. Riefer et al. (2002) have applied this extended model for repeated trials to investigate patients with schizophrenia or alcoholics.
The model fit of MPT models can be assessed with the Likelihood ratio statistic G 2 which is asymptotically χ 2 -distributed with df=K-J. K is the number of functionally independent category frequencies, and J is the number of free parameters in the model. If a testable model fits the data, null hypotheses about parameters can be tested by restricting parameters to certain values or they are set equal to other parameters. The increase in the model fit ΔG 2 is also asymptotically χ 2 -distributed with df=L. Here, L is the difference in the number of free parameters of the unrestricted and the restricted models, respectively.
In the study reported below, we compared memory performance of MCI patients with that of older and younger healthy adults using the extended storage-retrieval model. Despite the plethora of models about stages and processing levels for clinical purposes a two-staged storage-retrieval model provides a suitable framework for understanding age-related memory dysfunctions. The aim was to disentangle the relative contributions of these processes to the objective memory deficits in healthy and pathological aging which may have implications for how late-life cognitive pathologies such as Alzheimer disease should be viewed relative to normal aging. Naming Test (Kaplan et al., 1983) were within the normal range. Finally, the memory impairment could not be explained by medication or other neurological illnesses.
Method
Materials
The word list contained 40 words from 20 categories, hence 20 semantically associated word pairs. The words were nouns with a maximum of 3 syllables, taken from German category production norms by Mannhaupt (1983) . We chose words from ranks 5 to 8 of the production norms to ensure high association with the category, but to avoid stereotypicality (e.g. fruit: strawberry, peach; body part: hand, nose). Words of one pair appeared in the list either with a lag of one non-related word between them or with a lag of nine other words between them. Six different list orders were generated randomly with the STORAGE AND RETRIEVAL IN AGING 14 restriction that the spacing remained constant for each particular word pair, and they were administered in the six trials in a random order for each participant.
Design and Procedure
Three groups were compared in a quasi-experimental design: A young control group (YCG), a control group of healthy older adults (OCG), and a group of MCI patients.
Participants were informed about the procedure and signed a written consent to participate.
After a brief clinical interview and two brief questionnaires, the experimenter explained the procedure and the structure of the lists. All participants were informed that the lists contained clusterable word pairs, and that clustering would be a viable strategy for learning them. The word lists were presented on a computer screen, but all necessary interactions with the computer were administered by the experimenter. After the instruction, participants had the opportunity to ask the experimenter. The forty words of a list were presented in the center of the computer screen (font Times New Roman, size 72) for four seconds each. After the 160 seconds, a bell tone signalled to begin with the 20s distractor task which entailed counting forward in steps of 2. This task had been practiced before with the OCG and the MCI group.
After counting for 20 seconds, the bell tone sounded again, and the experimenter asked the participants to reproduce as many words as possible orally. The experimenter noted the reproduced words and their order. After the six trials, several other cognitive tests followed
(not reported here), participants were thanked and debriefed.
Results
First, we will report the results on total performance (number of words recalled). These will help to validate the MCI concept and to establish the often-replicated finding of memory deficits in older adults. Any differences found in these measures could however represent quantitative rather than qualitative differences between groups. Therefore, we add the analysis with the storage-retrieval model of Batchelder and Riefer (1980; 1986) in its multi-trial STORAGE AND RETRIEVAL IN AGING 15 extension involving order constraints on the memory parameters (Knapp & Batchelder, 2004; Riefer et al., 2002) .
Total number of words recalled. First, we analyzed the total number of words recalled across the six trials in all three groups with a two-factorial ANOVA including group as a between subjects factor and trial as a repeated measures factor. The group means and standard errors are depicted in Figure 2 . Model-based analyses. The frequencies of responses are given in Table A -1 in the appendix. Reproducing an item is a result of successful storage and retrieval, whereas the failure to reproduce can be caused by the failure of either process. Batchelder's and Riefer's (1980) pair clustering model aims at disentangling both processes and therefore allows for locating memory problems in either strategic encoding (semantic clustering) or retrieval. We used the reparameterized version which assumes a monotonic increase of each parameter across trials. This model yields estimates for the initial value of each parameter in Trial 1 and learning parameters for each parameter and trial. The maximum likelihood parameter estimates of the multi-trial model with order constraints on c, r, and u and constant learning rates are depicted in Figure 3 . Table 1 contains the parameter values for the initial parameters and learning rates.
Significance tests about parameter hypotheses can be accomplished by fitting the model again with equality constraints on the parameters. When the restricted (nested) model has k degrees of freedom, whereas the unrestricted model has j degrees of freedom (k > j), the increase of the GOF statistic G 2 is asymtotically chi-square-distributed with k-j degrees of freedom (see Hu & Batchelder, 1994) . We will report these ΔG 2 values and the df's of the hypothesis tests. We describe tests on the c, r, and u parameters in this order, first focusing on group differences in the original model, followed by an analysis of the learning parameters β. that the learning rate parameters β i measures the proportional reduction of error. Since the OCG starts from a lower level than the YCG, this measure is necessarily lower, whereas the mean absolute increase in c per trial is as large as for the YCG (.10 and .11, for the YCG and OCG, respectively). The MCI group, however, seems impaired with respect to this measure (.03). All groups, show a significant increase in c across trials, all ΔG 2 (1) > 7.5, p < .01, w > .08.
Hence, these results indicate impaired storage in old participants which is paralleled by the MCI group. In absolute terms, the improvement of clustering over trials is as good in the healthy older participants as in the young control group albeit starting from a lower level.
The MCI patients, in contrast, show slower improvement which widens the gap of clustering performance across trials.
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Retrieval parameter r. Setting the retrieval parameters equal across the three groups yields a significant model violation, ΔG 2 (2) = 8.21, p = .02, w = .09. The MCI group differs significantly from the YCG, ΔG 2 (1) = 7.58, p < .01, w = .08, whereas the OCG does not, ΔG 2 (1) = 0.14, p = .71, w < .01. However, the descriptively large difference between the OCG and the MCI group fails to reach a conventional significance level, ΔG 2 (1) = 2.53, p = .06, one-tailed, w = .03. 1 This suggests that MCI patients are also severely impaired in retrieval, whereas the healthy old adults are at most moderately impaired. Furthermore, although there appears to be ceiling performance in retrieval for the YCG and the OCG, they both improve retrieval across trials (β > 0, both ΔG
2
(1) > 3.9, p < .05, w = .04, whereas the hypothesis of no improvement at all can be retained perfectly for the MCI patients, ΔG 2 (1) = 0, p = 1.0, w = 0.
Singleton parameter u. This parameter is least interesting because it does not disentangle storage and retrieval and thus most closely resembles the descriptive analysis of the overall performance. All groups differ from each other in initial performance, all ΔG
(1) > 10, p < .01, w > .12, and in the learning rates, all ΔG 2 (1) > 4, p < .05, w > .05. All learning rates are significantly different from Zero, all ΔG 2 (1) > 25, p < .001, w > .28.
Summary of results
We replicated a clear memory deficit in older adults and a more severe deficit in MCI patients, both concerning the absolute amount reproduced and the rate of improvement. The multinomial modeling analysis revealed the nature of the impairment of underlying processes:
Whereas healthy older adults showed a deficit in clustering, they appeared to have a rate of improvement comparable to the young group when measured in terms of increment. Here, the MCI patients were clearly inferior: They showed a deficit in semantic clustering and -more important -a much slower improvement across multiple trials.
The results concerning retrieval point to an apparent qualitative difference in the memory deficits of old healthy subjects and MCI patients: Whereas older adults showed only STORAGE AND RETRIEVAL IN AGING 19 a very small (but significant when analyzed with the model without order constraints) retrieval deficit replicating Bayen's (1990) and Riefer and Batchelder's (1991a) results, the retrieval deficit in MCI patients was descriptively large and significant in analyses with either model. When analyzed with the unrestricted SR model fitted to each trial, the mean difference of r is larger than .40 between MCI and OCG/YCG, whereas it is less than .02
between OCG and YCG. Even more compelling is the complete absence of improvement in retrieval across trials for the MCI group.
Discussion
Methodological considerations. A puzzling result is that the retrieval parameter r showed no significant difference between the OCG and MCI patients although the difference is descriptively large when analyzed with the Bush-Mosteller-model. The reason for this pattern can be found in the large confidence intervals of r in the MCI group and the OCG.
Because r is estimated as a conditional probability of retrieving, given the cluster was stored, the stability of the estimate certainly depends on the overall amount of clustering which was extremely poor (and almost did not improve across trials) in the MCI group. Hence, there is a dramatic decrease in statistical power involving the tests of r and the MCI group. In an extensive examination of the statistical properties of the storage-retrieval model, Riefer and Batchelder (1991b) confirmed that r estimates get more unstable with decreasing c. If, however, the original storage-retrieval model without order constraints was used for analysis, the difference reached the conventional significance level.
The comparison between young and older adults did not reveal a significant retrieval impairment of the OCG when analyzed with the Bush-Mosteller model, hence contrasting with earlier findings of Bayen (1990) and Riefer and Batchelder (1991a) . Although the difference was significant when analyzed with the model without order constraints, the deficit was less pronounced than in the studies reported before. One reason for this could be that our STORAGE AND RETRIEVAL IN AGING 20 results concerning r are unreliable. However, this may also reflect a systematic difference between the studies because the retrieval parameter estimates of the OCG were generally higher in our study as compared to both other studies. The less effective retrieval in Bayen's study could perhaps be explained by her longer learning list which reduces the probability of retrieving items. Unfortunately, this explanation is not viable for Riefer's and Batchelder's study because their lists were not longer than ours. We hypothesize that the crucial difference between the studies is the additional inclusion of unpaired singleton words in the other studies, whereas our list contained clusterable pairs exclusively. It seems obvious that a retrieval strategy is simpler if it has to focus merely on semantic pairs as compared to a strategy that has to account for pairs and singletons simultaneously. For the singletons, a category-based memory search makes no sense. Hence, including single words requires a "mixture" strategy which is probably harder to execute than a "cluster search". Older healthy adults might show retrieval deficits when a mixture strategy or a switch between retrieval strategies has to be used, whereas in a simple semantic retrieval strategy, the disadvantage might not "strike through". This would be in line with older adults' impairment in taskswitching and dual task performance (e.g. Verhaeghen & Cerella, 2002) . However, this is at the moment speculative and awaits empirical clarification.
The aggregation of data across participants in multinomial modeling may cause problems because of ingroup inhomogeneity. The statistical theory assumes independent events that are distributed across categories with constant multinomial probabilities. This may cause biased parameter estimates that are especially problematic if ingroup variance differs between groups that are compared. In our data, Levene's variance homogeneity test on the number of words recalled indeed points to larger variances in the OCG and the MCI (as compared to the YCG) which, however, do not significantly differ from each other. Riefer and Batchelder (1991b) showed with simulations that increasing heterogeneity leads to STORAGE AND RETRIEVAL IN AGING 21 slightly higher estimates of the clustering parameter c (positive bias). Since the difference we found between OCG/MCI and YCG was in the other direction, this result cannot be an artefact of aggregating data. Riefer's and Batchelder's (1991b) simulations also showed a slight underestimation of r with increasing heterogeneity and decreasing c. Hence, the impairment of OCG/MCI found in r might be in part attributable to such a bias. However, despite the comparable variance in the OCG and MCI, the latter impairment is much larger and thus cannot be fully attributed to potential biases in parameter estimation.
Differences in Clustering.
The results concerning the storage parameter are clear-cut:
Older healthy adults showed a clear deficit as compared to the younger adults. However, their learning rate was not slower than that of the younger adults when measured in terms of increment (rather than proportional reduction of error). The OCG learning curve in Figure 3a suggests that the OCG would probably reach asymptotic performance after several additional trials whereas the MCI group would probably need many more trials to reach this benchmark.
Hence, our data are consistent with earlier studies demonstrating mild storage deficits in healthy older adults (Bayen, 1990) except the study of Riefer and Batchelder (1991a) who did not find such a deficit. But also in accordance with Bayen (1990) who used a repeated trial approach the improvement in clustering across trials in our study was comparable to the young control participants. The MCI patients showed a more severe clustering deficit than the OCG altogether. More importantly, they exhibited slower improvement across trials. Whereas the OCG was more and more effective in utilizing the semantic structure of the learning list for effective storage, the MCI patients were much less effective. Despite this difference, the clustering data do not unambiguously speak in favour of a genuine qualitative rather than quantitative difference between the memory problems encountered by healthy old adults and patients diagnosed with MCI.
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In addition, MCI patients showed a considerable retrieval deficit, which was not present in the OCG. In this respect, the results closely resemble those that Riefer et al. (2002) obtained with schizophrenic patients and patients with alcoholic brain damage. Retrieval processes in their study were impaired in schizophrenic patients and even more for patients diagnosed as having an organic alcoholic syndrome. These results suggest that retrieval deficits are correlated with the severity of actual brain dysfunction of fronto-temporal networks. If this were true, the MCI retrieval deficit documented here may well be seen as an early marker of organic brain disease. The large amount of the impairment, the complete absence of any improvement across trials as well as the similarity with the organic groups in Riefer et al.'s (2002) studies lead us to believe that this deficit in MCI indicates a qualitative change rather than just a more severe state of normal retrieval impairment through aging. This was also suggested by Ribeiro, Guerreiro and De Mendonça (2007) who found MCI patients showing less semantic clustering in the CVLT than a control group. However, both MCI patients and controls could benefit from semantic cueing. This study showed that beyond consolidation deficits, MCI patients have marked difficulties in acquisition and recall strategies.
However, it has to be emphasized here that our results only hold for the specific paradigm of lists with clusterable word pairs in free recall. Whether they extend to other storage processes (without semantic associations) and other types of retrieval processes (less strategic) remains an open issue for further investigation. Similar results, however, have been obtained by using the CVLT, for which a semantic clustering index can be used that counts the words recalled during a given trial as the baseline for calculating expected values of chance clustering (recall-based expectancy). Recently, an attempt to address the relationship between encoding strategy and discrimination performance has been made by Wegesin and colleagues (2000) who examined whether recognized source items tended to cluster within a STORAGE AND RETRIEVAL IN AGING 23 semantic category, semantic cluster scores were calculated from the source recognition data using the formula which is generally applied to free recall data (see appendix C of CVLT manual; Delis, Kramer, Kaplan & Ober, 1987) . Their results confirm that elders' ability to identify the source of remembered information shows a disproportionate decline in aging compared to their ability to remember information content. In this study, source memory ability was significantly related to use of semantic clustering, a meta-cognitive strategy that also showed an age-related decline (see also Stricker et al, 2002; Shear, Wells & Brock, 2000) .
Reasons for impaired clustering and retrieval capacity of MCI patients. The storage and retrieval parameters of the pair-clustering model reflect specific forms of memory processes, namely controlled and strategic ones. To form the semantic clusters, participants have to activate knowledge, actively search for associates and be aware of the beneficial effects of combined storage. Hence, optimally, there is also metacognitive awareness of the strategy used. There are two open questions with regard to the storage deficits of MCI patients. First, one wants to know whether they do not use effective strategies spontaneously, or whether they are less able to use them because of cognitive limitations in controlled processing. Second, it is still unanswered whether storage in passive associative learning would also be impaired in MCI patients. Since we explained the structure of the lists to our participants and emphasized the benefits of clustering words, our results favor the disability answer to Question 1. With respect to the second question, other paradigms than free recall will probably be more fruitful (e.g. implicit tests). The amnesic syndrome has been characterized as a deficit in forming new associations which would be a storage deficit (see Baddeley, 1997, p. 303 knowledge, but rather on a strategic inability to make use of this knowledge.
The retrieval deficits, in our view, also reflect a less effective use of strategies.
Whereas cued recall and recognition contain large parts of "involuntary retrieval" caused by cues in the situation, free recall contains much larger strategic components: Participants have to generate their own retrieval cues by making use of a semantic structure they have established during learning. Somehow, this strategy appears to be disrupted.
Recent studies support the view that even healthy older subjects show deficits in associative learning trials concerning memory, especially if the item units are not associated pre-experimentally (Naveh-Benjamin et al., 2003) , but this decline is more a consequence of encoding than retrieval deficits (Friedman et al., 2007) . In studies focusing on the neural substrates of successful associative encoding (e.g. face-name associations) specific regions of the hippocampus and prefrontal cortices were found to be critical for successful memory in both young and healthy older subjects (Sperling et al., 2007) . They demonstrated that, compared to cognitively intact older subjects, patients with clinical DAT have decreased fMRI activation in the hippocampus and related structures within the medial temporal lobe during the encoding of new memories. More recently, fMRI studies of subjects at risk for DAT have yielded variable results suggesting that there may be a phase of paradoxically increased activation early in the course of prodromal DAT (Celone et al. 2006 ). Relatively few studies have been published to date in subjects at-risk for DAT, either MCI or genetically at-risk, and the results have been quite variable, ranging from hyperactivation (Bookheimer et al. 2000 , Dickerson et al., 2004 Smith et al. 2002) to hypoactivation (Johnson et al., 2004 (Johnson et al., , 2005 Machulda et al., 2003 . Small et al., 1999 
Conclusions
Our analysis or recall performance has shown differences in memory decline between healthy older participants and MCI patients. This was achieved by a model-based approach that allowed to disentangle storage and retrieval processes in free recall. Given certain problems of design-based methods to differentiate between processes (see Spaniol & Bayen, 2004) , model-based analyses are a viable supplement for finer-grained analyses. Furthermore, Knapp's and Batchelder's (2004) method for extending MPT models to multi-trial experiments is extremely valuable because several deficits manifest themselves as learning impairments and only develop across a set of trials. Note, for example, that the clustering paramter c did not differ reliably between the OCG and MCI patients in the first trial, but only in the learning rates. We are convinced that the model-based approach can also be used fruitfully in other applied and clinical domains. A future combination of modeling and brain imaging techniques like fMRI may be a promising approach, particularly applied in longitudinal studies to investigate the pattern of alterations in neurofunctional activity over the course of healthy aging, prodromal DAT and the relationship to DAT pathology. 
